
position and anisotropy of the UHE CR Selective Trafficking of KNOTTED1
flux to be measured, which would provide H
additional information on its origin. Homeodomain Protein and Its mRNA
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developing maize leaves alters cell differenti- weight, 457), a membrane-impermeant fluo- sociated with KN1 cell-to-cell movement in
ation within adjacent mesophyll and epider- rescent probe, established that plasmodesmata maize and tobacco (Tables 1 and 2). Micro-
mal layers, which suggests that a signal moves in the injected tissues displayed normal char- injection of 9.4 or 20 kD of FITC-labeled
from one cell layer to another. In situ and acteristics (15) (Tables 1 and 2). Furthermore, dextran alone did not result in movement out
immunolocalization studies of the maize shoot the lack of movement of FITC-labeled bacte- of the injected cell (Fig. 2C), but coinjection
apical meristem (10) demonstrated that kni rial proteins established that KN1 movement of these FITC-dextrans with unlabeled KN1
mRNA was detected only within the interior was not an artifact of the preparative tech- gave rise to the same spread of fluorescence as
(L2) cells of the meristem, whereas KN1 was niques used (Table 2). was detected when FITC-KN 1 was introduced
detected in the L2 cells and in the epidermal An increase in the plasmodesmal size ex- into the cell (Fig. 2, A and D, and Tables 1
(Li) layer [Fig. 1, A and B ( 11)]. These results clusion limit (SEL) is required for cell-to-cell and 2). This KN 1-induced increase in plas-
suggested that, despite the fact that KNI is a transport of viral movement proteins (6-8). modesmal SEL also permitted the cell-to-cell
nuclear-localized transcription factor, the An increase in plasmodesmal SEL is also as- movement of a labeled, coinjected, 20-kD
KNI protein itself might be the signal that is
transported from L2 into Li, as well as be- Fig. 2. Cell-to-cell transport of
tween cell layers in knotted leaves. FITC-KNl and its effect on plas-

Escherichia coli-expressed KN1 labeled modesmal SEL in tobacco meso-
with fluorescein isothiocyanate (FITC-KN1) phyll cells. KN1 and its mutant de-
(12) was microinjected into the cytoplasm of rivative, M6 (see Fig. 3), were ex-
plant cells (13). The small size of the cells in pressed in E coli and extracted
the maize shoot apical meristem precluded us proteins were labeled with FITC be-
from performing microinjection experiments fore being used in microinjection
on such tissues. Instead, we used developing studies. Immediately after being in-
maizeleaves and microinjected mesophyll troduced into a tobacco mesophyllmaize letedt lar bundle , as this cell, FITC-labeled KN1 moved into

cells connected to the vascular bundle, as this surrounding cells as indicated by
was the site where ectopically expressed knl false-color imaging (A) obtained
had been shown to alter cell fate (9). FITC- with a Hamamatsu model C1966
KN1 injected into the cytoplasm of these analytical system (7, 8). (B) Contain-
mesophyll cells moved into bundle sheath ment of FITC-labeled M6, 15 min
cells and surrounding mesophyll cells (Table after injection into the cell. (C) In-
1). Thus, KN1 must be capable of interacting jected 20-kD FITC-dextran re-
with plasmodesmata to potentiate its own mained indefinitely (60 min after in-
movement from cell to cell. Tobacco offers jection) within the target cell. (D)
another system in which to study KN1, as Coinjection of 20-kD FITC-dextranectopicnmeristems are alsto obtaedy wen

a and unlabeled KN1 resulted in ex-
ectopic meristems are also obtained when tensive movement (image taken 2
KN1 is overexpressed in tobacco (14). FITC- min after injection). Arrows identify injected cells; IAS, intercellular air space. Color bar: background is
KN1 microinjected into mesophyll cells of black, and pale blue and yellow represent the higher intensity of fluorescence observed (the bar is
tobacco (Nicoiiana tabacum cv. Samsun) common to Figs. 2 and 4). Scale bar in (A), 25 p.m; (B), 20 ,um; (C), 25 ,um; and (D), 50 p.m.
leaves also moved to neighboring cells (Fig.
2A and Table 2). Cell-to-cell movement of
injected Lucifer yellow CH (molecular Table 2. KN1 interacts with plasmodesmata to increase the SEL of tobacco mesophyll cells and

potentiates its own cell-to-cell transport.

Table 1. KN1 interacts with plasmodesmata to Microinjections
increase the SEL of maize mesophyll cells and Injected material
potentiates its own cell-to-cell transport. The nor- Total Movement*
mal SEL of plasmodesmata in such plant cells is (n) [n (%)]
800 to 100 daltons (5). The largest material known
to pass through mesophyll plasmodesmata is a LuciferyellowCH 54 49 (91)
viral movement protein of 35 kD (6). Developing FITC-KN1 33 29 (88)
maize leaves (1 to 2 cm in width) from young FITC-labeled bacterial proteins 10 0 (0)
seedlings (14 days after germination) were used in 9.4-kD FITC-dextran 35 3 (9)
these experiments. KN1 + 9.4-kD FITC-dextran 38 29 (76)

20-kD FITC-dextran 11 1 (9)
Microinjections KN1 + 20-kD FITC-dextran 19 16 (84)____________ns KNI + 39-kD FITC-dextran 25 5 (20)

20-kD FITC-soybean trypsin inhibitor 15 2 (13)Injected material Total Move- KN1 + 20-kD FITC-soybean trypsin inhibitor 10 10 (100)
(n) %en FITC-KN1 (M6)t 15 1 (7)

[n ( o)] KN1 (M6) + 9.4-kD FITC-dextran 16 3 (19)
Lucifer yellow CH 12 11(92) KN1 (Ml) + 9.4-kD FITC-dextran 11 8 (73)
FITC-KN1 12 10 (83) KN1 (M2) + 9.4-kD FITC-dextran 8 6 (75)
9.4-kD FTC-dextran 12 1 (8) KN1 (M3) + 9.4-kDFlITC-dextran 8 6 (75)
KN1 ± 9.4-kD FlTC-dextran 11 9 (82) KN1 (M4) + 9.4-kD FITC-dextran 12 8 (75)

*Number of injections [see (13)] and percent of total in- KN1 (M7) + 9.4-kD FlTC-dextran 7 6 (86)
jections in which the fluorescently labeled probe moved KN1 (M8) + 9.4-kD FlTC-dextran 8 6 (75)
from the injected cell into surrounding tissue. Fluores- KN1 (M9) + 9.4-kD FlTC-dextran 16 10 (63)
cence was detected with a Leitz Orthoplan epi-illumina-
tion microscope coupled with a Hamamatsu model *Number of injections [see (13)] and percent of total injections in which the fluorescently labeled probe moved from the
01966-20 analytical system, and permanent images injected cell into surrounding tissue. Movement of fluorescently labeled knl1 mRNA or of CMV RNA was detected as
were recorded on videotape, described in Table 1. tDetails on the amino acid changes engineered for each KN1 mutant are given in Fig. 3.
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,soybean cytosolic proteini, soybean trypsin Hin- plasmodesiml tr1ansport systems nm1Lst await mencit into thei second layer of cells requlirecd
hibitor (Table 2). Occasionally, KNI1 permiit- thei identification and characterization of othi- fromi- 3 to 5 mmii. Fuirthermiore, rarely did we
ted thei movecment of a 39-kDi FITC-dextran, cr transcriptional regUlators that also have the deteCCt flUorescence beyond this second layNer
aind so the uipper pthismodesmal SEL associat- capacity for plasmodesmial transport. ot me1sophvll cells. Analysis of planit \viral
ed with KN I transport is greater than 20 kti) Although the other MuItanltS of KNI1 re- imoement proteinis (6-8), on the other
and close to 39 kli. tamled the capa)"city to dilate plasm1odesmiata hanid, showed thait alanine scanning' mu-ii

P'rotelin domal-ins essential for KN cell-to- and potentiate their own cell-to-cell transport tants eith-er exhibited normi-al movement or
cell movement were Hinvestigated with theI USe (Table 2,the raite and extent of movement of were incapable (0(Y movement) of cell-to-
of a serieis Of a'lanine scanning mu1Ltants ( 12) each mnutant KNI1 was reduICed as com--pared] cell tra'nsport. The varied response of KNII
(Fig.- 3). Of thei nineA muALtants studied, only1 wiTth those of wild-type KNI1. FITC-KNI1 was Mutanits may reflect the presence of muitlti-
Onle (M16) ShOWed a substantial redUtictOn In rouitnch- dectected in neighboring cells 1 to 21 plc domains involved in medliating efficient
ability to imove froml cell to cell (Fig. 213 and s aftter its in1jection inito a meohl el It pLasmiodesmial transport or interaction with
Table 2). Thec M6 mutaILtion resides in a Po- fuirthert m vninent through 5 to 10 surround- the pLasimodesm,ita.
renitial nuLclear localization sequence that is Ing cells seen, ini approximaltely 30 s. Although Hav-ingy established that KN I interacts
present in the NH,-terminal region of thei the period before echl- mutant FITC-KN with plasmiodesmata to increase SEL and
h-omeodomain ( 16). Determination of wheth- could be detected in the neighboring cells wa-s mediate in Its OWn cell-to-cell transport,
er this reflects homology betw,een nticlear and also short (a few seconlds), Su1bSequenCt mo1Ve- characteristics that are held in commiion

with maI.ny v-iral mov,ement proteins (6-8),
we, necxt inv,estigated wvhether KNI1 couild

Fig. 3. KNi alanine scanning and ml 50 ailso mediate trafficking of nuicleic acids, al-
deletion mutants generated to iden- MEEITQHFGVGASSHGHGHGQHHHHWHHHPWASSLSAVVAPLPPQPPSA thouigh thei resuilts in Fig. 1 SuIggest no SuIch
tify the protein domain or doma'ins M2A ablt.Sense kti RNA wvas TOTO-labcled

essential for KNi-plasmodesmal ~~~~~~~~100essntilfr K1-pasmdesal GLPLTLNTVAATGNSGGSGNPVLQLANGGGLLDACVKAKEPSSSSPYAGD (RNA-TOTO) (17) anid coinj'ected inito
interaction (12). Amino acid resi-msohlceswihuabedK1.Ite

dues (20) changedtoalanines are 150~~~~~~is presence of KN I, the flulorescence associat-
marked with black boxes, with the VEAIKAKIISHPHYYSLLTAYLECNKVGAPPEVSARLTEIAQEVEARQRT ed with knii sense RNA-TOTO mov,ed as

assigned number of each mutant dyndetnil foiclloclla
indicated above the site. Deletion M3 200 rapidyadetnilyfo clloclls
mutant M2 was generated by the ALGGLAAATEP!LEQFMEAYHEML,VKFREELTRPLQEAMEFMRRVESQLN did FITC-KNI when it alone wvas injected
removal of a nine-histidine stretch inito this tissuec (Fig. 4). Control tiicroinjec-

M4 Ms 250
toiepriinfrom positions 22 to 30. The resi- SLSISGRSLRNILSSGSSMQEGSGGETELPEVDAHGVDQcL1HHLLKK t)neprm ts involvI\ing knol sense RNA-

dues associated with the KNi ho- TOTO alone, kni 1antisense RNA-TOTO
meodomain (16) are underlined. M6 M7 300 alonie, or unlabeled KNI pluis kni antisenise
The domains affected by these mu- YSGYLSSLKQELSKK MGKLPMARQQLLSWWDQHYKWPYPSETQKVAL RNA-TOTO established thei specificity of
tations are as follows: Ml and M2, M MO30 KN 1-mediated k7il RNA transport, beCauLSe
histidineich regionof unknown AESTGLDLKQINNWFINQRMMHWKP-sIIML5OMDGYHTTNAFYMDGHF'I in each of thecse cases the flulorescent probes

function: M3 and M4, regions con- reminMted in the inej'cted cell (Fig. 4B and
served between certain kno 1 related 359
genes:, M5, the ''ELK"' region, NDGGLYRLG Table 3). The M/6 mu1Ltant of KNI 1, whichi
which is coniserved in all KNli-like
homeodomiain proteins (16); M6, potential nuclear localization sequence; M7, homeodomain first helix:
M8. homneodomain third hielix; and M9. COOH terminal border of homieodomain (16). Table 3. KNi can selectively traffic its own

roiRNA through plasmiodesmata. MP, movement
prote'in.

Fig. 4. KNi protein- mediated cell- ___________________
to-cell transport of kn 1 RNA TOTO. Microinj'ect ions
(A) Coinj'ection of KNi1 and kni ________
sense RNA-TOTO into a tobacco -Ijce aeilTtl Mv
m-esophyll cell revealed movement

n) ment*
of the knI sense RNA TOTO into (a[n(O)
cells in the vicinity of the inl'ected cell
(arrow) arter 1 rio. lAS, initercellular kn I sense RNA-TOTO 25 1 (4)
air space. (B) Kn I antisense RNA- knl sense RNA TOTO 22 20 (91)
TOTO failed to m-ove out of the tar- plus KNi
get cell when coinjected with KN1. kn I sense RNA TOTO 10 0 (0)
The false-color image was taken 15 plus KNl M6
mmi arter coinj'ection, at which time kRN1AnTisnsTO (0
fluorescence nad accumulated in RATT
what appeared to he the nucleus kn 1 antisense 10 0 (0)
(arrowhead). (C) Tobacco meso- plusTKNO
phyll cell co'inj'ected with KNi and CMVs KNA-OO15 1(7
CMV RNA TOTO (18) arter 15 min. plus CMVTOT3a MP87
Fluorescence remains confined to CMVsRNATOT 153(20

would presumably havetrafficked kn 1sense~~~~~~~~~~~~~~~~~~~CMRNA-TOTO 15 12 (80)
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was least able to transport itself, did not PBS before the blocking step. Goat antibody to rab- Long, J. Yamaguchi, K. Serikawa, S. Hake, ibid., p.
potentiate the cell-to-cell transpirt of kni bit alkaline phosphatase (Boehringer Mannheim) 1859.

was used as the secondary antibody (1: 600 dilution) 17. Kn 1 sense or antisense RNA was transcribed with
sense RNA-TOTO (Table 3). and visualized according to the method of Jackson the use of T3 or T7 RNA polymerase from linearized

KN1 was selective in terms of the RNA et al. (11). Sections were lightly counterstained in pKOC10 plasmid that contained the full-length
that it would traffic, as shown by coinjec- basic fuchsin (0.005% w/v). cDNA. The DNA template was digested with RQ1

D11. Jackson, B. Veit, S. Hake, Development 120, 405 DNase (Promega), and the RNA was phenol-extract-
tion of TOTO-labeled cucumber mosaic vi- (1994). ed and ethanol-precipitated. Knl RNA (1.6 kb) was
rus (CMV) single-stranded sense RNA ( 18) 12. Wild-type and mutant KN1 were expressed, extract- resuspended in 20 p-I of diethyl pyrocarbonate-H20,
and KN 1 (Fig. 4C, Table 3). The CMV ed, and labeled with FITC according to the proce- and concentration and purity were determined by

movement protein, in contrast, potentiated dures we developed for viral movement proteins (7, spectroscopy. Sense and antisense RNA (500 ,ug/
movement protein, in contrast, potentiated 8). As an internal control, proteins were extracted ml) were labeled with the nucleotide-specific fluores-
cell-to-cell transport both of its own RNA and FITC-labeled from an E coli preparation that did cent probe TOTO-1 (Molecular Probes) as previously
and of knl RNA (Fig. 4D, Table 3), which not contain the knl complementary DNA (cDNA). described (7, 8). All knl RNA-TOTO preparations

with the known nonspecificity Alanine scanning mutants were created in groups of were adjusted to 225 1±g/ml for use in microinjectionIS consistent wltn tne Known nonspeclrlclty charged amino acids, which are likely to be present experiments. CMV RNA-TOTO was adjusted to 250
of viral movement proteins (6-8). in surface domains (PC gene software, Intelligenet- to 500,ug/ml.

Our finding that KN 1 has the capacity ics). The knl cDNA (Bam Hl-Nco partial digest) 18. Purified CMV RNA was prepared [P. Palukaitis and M.
to move fo clofrom pKOC10was inserted into the pET23-d(+) vec- Zaitlin, Virology 132, 426 (1984)] and TOTO-labeledto move from cell to cell provides a possible tor (Novagen) to create pDJX-1. Single-stranded viri- as described by Ding et al. (8). This preparation con-

explanation for the lack of cell autonomy ons were produced in the CJ236 (dut ung) strain of tained three single-stranded RNA species, RNA1 (3.3
seen with the dominant Kni mutation as E coli, and site-directed mutagenesis was per- kb), RNA2 (3.0 kb), and RNA3 (2.2 kb). The proce-
well as with other developmental mutations formed with oligonucleotides of 33 to 48 bases and dures of Ding et al. (8) were used to prepare and

with T7 DNA polymerase, according to the manu- FITC-label the CMV 3a movement protein.
(3, 4, 19). How such plasmodesmal trans- facturer's instructions (U.S. Biochemical). Mu- 19. P. W. Becraft and M. Freeling, Genetics 136, 295
port is controlled to create developmental tagenized clones were confirmed by being se- (1994).
domains (5) remains to be elucidated. The quenced before transfer to strain BL21 (DE3) for pro- 20. Single-letter abbreviations for the amino acid resi-

exentwicatancrptonfatr ctein production. dues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F,extent to which a transcription factor can 13. Microinjections were carried out essentially as previ- Phe; G, Gly; H, His; I, lie; K, Lys; L, Leu; M, Met; N,
move within a tissue may be controlled by ously described [S. Wolf, C. M. Deom, R. N. Beachy, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W,
the presence of proteins that regulate its W. J. Lucas, Science 246, 377 (1989)], except for Trp; and Y, Tyr.

andnucleapore tranport. 14.the modifications noted in (7, 8). 21. We thank P. Palukaitis of Cornell University for pro-plasmodesmal and nuclear pore transport. 14 N. Sinha, R. Williams, S. Hake, Genes Dev. 7, 787 viding us with CMV RNA and the clone expressing
This might explain why, in the maize mer- (1993). the CMV 3a movement protein and M. Pfitzner for
istem, KN 1 was present in both L i and L2 15. A. W. Robards and W. J. Lucas, Annu. Rev. Plant technical assistance with the color illustrations. Sup-
nuclei (Fig. 1), whereas in tobacco meso- 16 Physiol. Plant Molec. BioL 41, 369 (1990). ported by NSF grant IBN-9406974 (W.J.L.) and U.S.

FITC-KN 1 6F. Vollbrecht, R. Kerstetter, B. Lowe, B. Veit, Department of Agriculture CRIS 5335-21000-007-phyll cells, microinjected FITC-KN1 s. Hake, in Evolutionary Conservation of Develop- OOD (S. H.).
moved preferentially through plasmodesma- mental Mechanisms, A. C. Spalding, Ed. (Wiley-
trather than into nuclei Liss, New York, 1993), pp. 1 1 1-1 23; R. Kerstetterta ratner tnan lnto nuclel. et al., Plant Cell 6, 1877 (1994); C. Lincoln, J. 7 August 1995; accepted 31 October 1995
In any event, our studies on KN 1 pro-

vide insights into some of the molecular
events that orchestrate developmental pro- Interaction of Tobamovirus Movement Proteins
cesses in plants and identify one possible
explanation for the plasticity of cell fate in with the Plant Cytoskeleton
the plant meristem (2).
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